INTERACTION OF FOOD LEVEL AND EXPLOITATION IN EXPERIMENTAL
FISH POPULATIONS

By RALPH P. SILLIMAN, Fishery Biologist, BUREAU OF COMMERCIAL FISHERIFS BIOLOGICAL LABORATORY,
SEATTLE, WASH. 98102 .

AB STRACT

Nine populations of guppies (Lebistes reticulatus)
were established in separate aquariums. Food supply
was constant for groups of three populations in ratios of
0.5, 1.0, and 1.5 to a ‘“standard’ diet. Temperature,
light, and space were constant and the same for all
populations. After 28 weeks, populations had reached
near-asymptotic levels, and mean numbers and weights
for each group of three were in the same rank as their
food levels. '

Twenty-five percent, 33 percent, and 50 percent of the
fish were removed per 3-week brood interval for each
food-level group of three populations, thus providing

The purposes of laboratory fish-population ex-
periments and their relation to other work in
fishery dynamies have been set forth rather fully
by Silliman (1948) and Silliman and Gutsell
(1958). Briefly, the purposes are to provide ex-
perimental measurement of. the effect of exploi-
tation on stocks of fish, under as fully controlled
environmental conditions as possible. The above
authors also pointed out the advantages of the
guppy (Lebistes reticulatus) as an e\:perilhentn,l
animal: rapid growth and 1ep1oduct1\e rates,
small size, and hardiness.

Food supply and exploitation rate must be
among the most important factors that determine
biomass and yield in exploited .fish populations.
The response of populations to exploitation is
well known, as set forth in such works as Beverton
and Holt (1957). The importance of food supply,
ult,houg_,h not as fully documented, iz well recog-
nized. For example, Zheltenkova (1961) adduced
data indicating that a decreased supply of food
reduced the rate of growth and catches of bream
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nine combinations. Continuation of exploitation at
these rates led to relatively stable yields during weeks
59 to 72, after initial declines due to readjustment of
populations. .Yield curves for each food level revealed
relation of yield to exploitation rate and biomass to be
independent of amount of food consumed. Maximum
yields occurred near the 0.33 33 percent) exploitation
rate for all food levels and represented about 25 percent
of the food consumed. Results suggest that if commer-
cially fished .populations behave as the experimental
ones - did, management strategies may be applied
independently of amount of food organisms available.

in the Sea of Azov. She also reported a number
of qualitative examples in another work (1958)
that, although lacking numerical estimates of
food amounts, tended to support the thesis that
food supply is important in determining yield
and rate of growth of several fishes in the U.S.S.R.
These examples indicate not only the importance
of food le\'el at any given time but also the im-
portance ‘of tlie great fluctuations in this level
that occur from one time to another. '

Quantltatlve support for the idea that fluctua-
tions in food supply would medify fluctuations
in fish stocks resulting from other causes was
provided early by Jensen (1928). His data on
measured amounts of bottom food. in certain
Danish waters in the fall were swmﬁcantlv cor-
related with catches of plaice.

Because yield is related to both food supply
and rate of exploitation, the interaction of these
two is of obvious interest to the fishery manager.
Might it be possible, for instance, to- harvest a
greater percentage of the stock when food supply
and abundance are -high than when they are low?
The experiments described in this report were
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carried out to throw light on this and similar
questions, such as precisely how yields are related
to exploitation at each food level. Answers were
sought by investigating the effects at controlled
exploitation and food level on population biomass
and yield.

PLAN OF THE EXPERIMENT

Experimental tanks provided for three food
levels and three rates of exploitation, a total of
nine combinations. Because of limited facilities
and personnel, replications were not made. The
experience of Silliman and Gutsell (1958) helped
to determine the specific food levels and exploi-
tation rates to use. In each test the levels were
chosen to bracket the ones that had provided the
greatest yield in the previous experiments. Maxi-
mum yield for those experiments occurred when
the populations were fed a standard diet and
when 25 to 50 percent of the fishable stock was
removed per 3-week period (the average interval
between broods of a female guppy).

For the experiments reported here, food levels
of 0.5, 1.0, and 1.5 times the “standard” diet
were arbitrarily selécted. An arbitrary selection
of exploitation rates at 0.25, 0.33, and 0.50 per
3-week period was also made. The resulting nine
combinations were assigned by lot to a row of
nine experimental tanks, as follows: Tank A,
diet 1.0, exploitation rate 0.25; B, 0.5, 0.25; C,
1.5, 0.50; D, 1.0, 0.50; E, 1.5, 0.25; F, 0.5, 0.33;
G, 1.0, 0.33; H, 0.5, 0.50; I, 1.5, 0.33.

The plan of the experiment was simple: To
start a population of guppies in each tank and
allow all to grow until asymptotic size or a close
approach to it had been attained. The popula-
tions were then exploited at the chosen rates, and
this was continued until the yield from each tank
became reasonably stable.

MATERIALS AND METHODS

The experiments were conducted from Janu-
ary 30, 1964, through June 17, 1965, at the
former Biological Laboratory, Bureau of Com-
mercial Fisheries, Washington, D.C.

FISH TANKS AND EQUIPMENT

Conventional glass-walled aquariums were used
as experimental tanks (fig. 1). The water surface
in each was 44 by 24 em.; and the depth, 19 cm.
(volume, 20 1.). Each was provided with a cotton-
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charcoal filter (inside the tank) and an airstone.
A pair of small pumps supplied air for both of
these fixtures.

The available room illumination was used as
a light source. It consisted of two banks of eight
40-watt fluorescent lamps (fig. 1). (Evidence to
be presented later in the section ‘‘Changes Dur-
ing Exploitation” will support the assumption
that differences in amounts of light received by
different populations did not confound the inter-
pretation of the experimental results.) All win-
dows were covered, and lights were controlled
by a time switch to be on each day from 6 a.m.
to 6 p.m.

Refuges for the young fish were provided by
fences placed in the left ‘“front’’ (facing row of
tanks with A to I from left to right as in fig. 1)
corners of all tanks. Each fence consisted of glass
rods supported by plastic rails. The rods were
21 cm. long and were placed vertically to form
a fence 15 cm. long. The center of each glass rod
(3 mm. in diameter) was 4.5 mm. from the center
of the next rod, leaving spaces of 1.5 mm. between
rods for the passage of the young fish. Fences were
placed in tanks so as to enclose a 45° right tri-
angular space in the corner of each.

A grader for separation of “fry” from “imma-
ture’ sizes of fish consisted of a plastic box 20
em. long with ends 10 em. square. This box was
open at the top, and the bottom was composed
of plastic rods, 3 mm. in diameter, placed parallel
to the longer axis of the box. Because centers of
the rods were 5 mm. apart, 2-mm. spaces were
left for grading the fish. All fish which would
pass through the grader were classified as “fry”;
immature fish which would not were classified as
“immature.”

EXPERIMENTAL DIET AND PROCEDURES

The diet T used was a standard one developed
during previous experiments (Silliman and Gut-
sell, 1958). Food consisted of medium-grade dry
tropical fish food, frozen Daphnia, and newly
hatched .Artemia nauplii. The dry food was a
commercial product containing dried mosquito
larvae, dried flies, dried Daphnia, fish-liver meal,
beef meal, shrimp meal, salmon-egg meal, wheat-
germ meal, fish-roe meal, clam meal, fish-bone
meal, dried egg yolk, whole wheat meal, dehy-
drated kelp, dehydrated alfalfa-leaf meal, dehy-
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FicURE 1.—General arrangement of tanks and orientation with respect to light fixtures. Door
to room was located heyond end of light fixture in upper right corner, and was not visible
to fish in tanks.
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drated carrot, dehydrated lettuce, dehydrated
spinach, and dehydrated water cress.
The following analysis was supplied by the
maker:
Crude protein, minimum._______________ 40 percent

Crude fat, minimum 3 percent
Crude fibre, maximum_________________ 10 percent

Artemia nauplii were produced by placing the
dry eggs in 750 ml. of salt water (one level table-
spoonful per 750 ml) and incubating them 2
days at about 24° C'. Food was supplied to tanks
according to the schedule in table 1. All of the
daily food allotment was placed in the tanks at
one time. During the early part of the experiment
some food fell to the bottom of the tanks uneaten;
1t was siphoned out before the following day’s
feeding. When the populations had grown to pre-
exploitation sizes, all food was consumed.

TABLE 1.—S8chedule of food supplied fo tanks receiving
various diets. The “standard'’ diel s designated 1.0

0.5 diet 1.0 diet 1.5 diet
Davof  Tro-  Arste- Fro-  Ane Fro-  Are-

week 7en mia  Dry zen mia Dry zen min Dry
Daph- nau- food Daph- nau- food Duph- nau-  food

nia plit? nia plii ! nia plii?

[ “ (r. (4 [ (r

____________ 010 . ... 015
1.0 0.4 1) 1.6 0.8 L15
1.0 4 .10 1.5 .6 .14
1.0 -4 10 1.5 .h .15
1.0 40 .10 1.5 .6 .15
L 40010 1.5 6 .15
....... .4 0 . .6 15
5.0 2.4 i 7.5 3.6 105

! This represents weight of eggs hatched. Actual weight of nauplii pro-
duccd, for the “standard” diet was 0.125 mg. (Silliman and Gutsell, 1958).
The determination was made by producing duplicate hatehes of 0.4 g. of
egps; these hatches were then dried, weighed, and the average weight deter-
mined. No data were available to adjust for day-to-day variations in hatching
suecess. The weight of nauplii renresented such a small prt of the total diet
(about 1y of 1 percent) thut variations would not significantly atfect total
food available.

The nine populations were started on Janu-
ary 30, 1964. (A list of dates for the numbered
weeks of each experiment is given in table 2.)
Stocks were from previously established aquari-
ums and consisted of 432 guppies. I segregated
the fish into males, females, and ** juveniles,”” the
latter including the categories *‘fry” and “imma-
ture” as defined above. All males were placed in
a single container and then put into the nine
tanks from A to I in succession, one fish at a time.
I repeated this process until seven males were in
each tank. I used a like process to put eight
females in each tank. Similarly, 33 juveniles were
placed in each tank, but they were introduced
in groups of 10, 10,710, and 3. Thus, each tank

428

contained 48 fish—7 males, 8§ females, and 33
juveniles—chosen in a consistent manner from
established aquarium stocks.

Populations were fished (exploited) at 3-week
intervals, the approximate time between broods.!
These rates bracketed the rate previously found
to produce maximum yield (Silliman and Gutsell,
1958), which was about 0.33 per 3-week period.
The *‘bracketing’”’ rates were 0.25 and 0.50 per
3-week period. Fishing was done by removing
each nth fish for fishing rate > and was applied
only to the “immature’” and “adult” fish, exclud-

_ing the “frv.” “Adults” included all fish whose

sex could be determined by external inspection;
and “immatures”, all others except the ‘*‘fry”
that passed through the grader described above.

Procedures were described in more detail by
Silliman and Gutsell (1958), who also reported
the technique of weekly counting and weighing
the fish. This essentially consisted of counting
fish individually and placing them on a strainer.
From the strainer fish were transferred to a pre-
viously weighed container of water on a balance.

TaBLE 2.—List of calendar weeks included in erperiment

Beginning Beginning

Week No. Week No. —_—
Year, month,
and day

Year, month,
and day

1984 Oct. 11

Feh., 2 18
@ 25
16 Nov. 1
23 b
Mar é 115‘
15 2
xn Dee, 6
29 13
Apr. 5 20
12 27
19
24 1963 Jan. 3
May 3 10
10 17
17 24
24 31
31 Feb. 7
June 7 14
14 21
21 B
0% Mar 7
July 5 14
12 |
19 28
2 Apr. 4
Aug. 2 11
9 18
15 25
23 May 2
30 lﬂ
Sept. 6 A
v 13 23
20 3n
a7 June &
Oct. 4 13

1 Each brood consists of 6 to 60 young, depending on the size of the female
{Innes, 1945).
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Total weight of fish, container, and water was
determined, and the fish weight obtained by
subtraction.

ENVIRONMENTAL CONDITIONS

Although temperature was controlled as closely
as possible, there were some variations. These
were examined in relation to possible effects on
growth or survival. Oxygen determinations were
also made, to ascertain il the levels were within
thuse considered adequate for warm-water fishes.

TEMPERATURE

Room air temperature was controlled by a
thermostatically regulated window heat pump,
which could either heat or coul. Water tempera-
ture about 8 ¢m. below the surface of tanks A,
E, and I (fig. 1) was recorded daily at about
S am., noon, and 4 p.m. (Only one reading per
day was taken on weekends.) The means indi-
:ated reasonably stable temperatures (table 3).
No 30-day mean deviated more than 0.7° C.
from the grand mean. The means for all three
times of day gave some indication that tank A
averaged higher than the others, but the greatest
excess of A over either E or [ was 0.5° C. Like-
wise, the means for all three tanks. indieated that
the 4 p.m. reading tended to be lower than the
others, but again the greatest departure was
0.5° C. The means of “All 3 by All 3” revealed
no consistent trend in temperatures during the
experiment. I'he total range of individual tem-
perature readings during the entire experiment
was from 21.1° to 27.2° (.

TaBLe 3.—Mean lemperalures for lanks A, E, aned I during
three 50-day periods ! :

Temperature Mecan temperature
Period recording
time Tank A Tank E Tank I All3
. tanks
. °C. °C. “C. °C.
Mar. 5~ s ’
Apr. 21,1964 ______. 8 aam.. 24.4 4.1 2.1 24.2
- Noon M5 24. 4 24.3 24. 4
4 p.m 23.9 4.0 24.1 2.0
All3 times._._ 4.3 24.2 4.2 24.2
Sept. 16~
Nov. 2,194 . __..__ Sam..___ 24.9 24.4 4.6 M.7
Noon..... 24.4 24.6 24.5 4.7
4pm.___ 4.8 24.1 24.3 2.3
All 3 times-.... 24.8 24.3 4.6 2.6
Apr.23-
June 11,3965 ... 8am..._. 24.6 24.3 24.3 24.3
Noon..... 24 4 24,1 24.0 24.2
4 pm.__.. 23.0 28.8 23.6 23.8
All 3 times..._ 24.3 24.1 23.9 4.1
All3 periods. ... AlNl3times._.. ___..... ... ... 4. 3

! The period means are based on 30 days in which three daily readings were
taken in all three tanks. The period is not hased on 30 consecutive days.
The Jdays that were ¢xcluded from the periods were ones in which fewer than
three readings were made (these days usually were on weekends),

The rather small deviations just recorded sug-
gest that temperature was fairly well controlled.
Any effects on growth or survival must have been
slight, and no further analysis of temperatures
seems justified.

OXYGEN CONCENTRATION

Oxygen determinations were made for each tank
during March 29 to April 14, 1965. Readings
ranged frem 4.54 to 5.58 p.p.m., all within or
above the 3 to 5 p.p.m. that Lewis (1963) con-
sidered adequate for warm-water fishes.

Ozone was used in the tanks to control algae
during weeks 56-72. This was supplied by =a
“Sander Ozonizer” * at the rate of 5 mg. per
lwur. Except for occasional treatments of indi-
vidual tanks, the 5 mg. per hour was delivered
to the main air supply, thus being divided among
the nine tanks. Previous tests with fish -not in-
cluded in the experiments produced no mortali-
ties when the entire 5 mg. per hour was supplied
to a single 20-1. tank. No relation was noted
between growth of algae and food supply or
amount of light. .

POPULATION CHANGES

For purposes of analysis, the experiment was
arbitrarily divided into periods before (weeks
0-28), and after (weeks 29-72) exploitation began.
Changes during the first period reflected increases
in number and biomass resulting from reproduc-
tion and growth. Exploitation was responsible for
the major changes in the second period, resulting
in initial declines followed by relative stability
in both population size and yield.

INITIAL GROWTH OF POPULATIONS

The stocks entered a period of growth in num-
bers and weight, each stock influenced by the
amount of food supplied. Mean numbers and
weights each week for the group of three tanks
at each food level (tables 4 and 5, and fig. 2)
clearly bring out the influence of food supply
on growth. Total weights of the stocks were in
the same rank as, but not exactly proportional
to, amounts of food supplied. During weeks 21
to 28, mean weights for diet levels 0.5, 1.0, and
1.5 were 14.5, 26.0, and 36.6, respectively. These

* Trade names referred to in this publieation do not imply endorsement
of commercial products.
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Ficure 2.—Initial growth of populations. Data are means for the three populations at each diet level.

were in ratios 1.00:1.79:2.52 as compared with
the 1:2:3 ratios of the diet levels.

Average numbers of fish fell even farther from
the ratios of the diet levels than did the average
weights. For weeks 21 to 28 they were 110, 145,
and 149 in ratios 1.00:1.32:1.35. Comparison of
these ratios with those for average weights indi-
cated that the individual fish averaged larger at
the higher diet levels. Weights of individual fish
averaged 0.132, 0.179, and 0.246 g., respectively,
in populations at diet levels 0.5, 1.0, and 1.5.

These results indicate that the greater biomass
at the higher diet levels than at the lowest level
was caused by both better survival and more
rapid growth of individuals. Growth was the more
important factor. The results indicate also some-
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what less efficient food use at the higher diet
levels than at the lowest, in the sense of the
amount of biomass supported by a given amount
of food. Thus, the 2.85 g. of food consumed per
week (totals for Daphnia and dry food from table
1, plus 6 times % of 0.000125 g. for .4rtemia), at
the 0.5 diet level supported a biomass of 14.5 g.,
or 5.1 g. per gram of weekly consumption, whereas
at the 1.5 diet level the comparable figures are
8.55 g., 36.6 g., and 4.3 g. This loss of efficiency
may have been the result of crowding the larger
biomass at the higher diet levels into the same
amount of space as occupied by the biomass at
the lowest diet level. Alternatively, it is possible
that such efficiency may simply be a declining
function of size in stabilized populations.
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TABLE 4.—Weekly numbers of fish in each lettered tank during period of initial growth, first 28 weeks

0.5 diet 1.0 diet 1.5 diet
Week No.
Tank B Tank F Tank¥ Tank TankA TankD TankG Tank TankC TankE Tankl Tank
mean mean mean

No. No. No. Nbo. No. No. No. No. No. No. No. No.
48 48 48 438 48 48 48 48 48 48 48 48
D) L) M ... m O] [ I (O] m (£
52 54 45 50 60 47 70 59 36 49 46 60
89 61 [ a8 43 45 72 53 7 82 66 67
58 50 K 61 42 71 70 61 79 59 89 69
80 53 78 70 50 71 69 83 100 67 73 80
90 Al 77 70 66 73 &4 74 122 73 73 19
22 67 77 87 68 110 89 89 122 75 87 5
119 93 75 96 7% 121 95 97 121 77 105 101
121 83 76 93 113 110 2 105 131 79 99 103
121 81 77 93 99 111 107 108 145 95 100 113
130 3 &2 98 95 125 115 112 136 X5 105 109
142 92 81 105 7 144 116 119 138 85 103 109
120 97 R2 100 115 134 114 121 i 94 102 122
121 95 53 100 110 140 117 122 166 04 111 124
124 94 K] 99 103 139 121 121 161 95 120 1256
122 95 80 99 106 154 119 126 160 93 116 123
120 $9 33 97 119 155 135 136 167 100 121 129
129 102 37 106 113 149 130 131 181 99 117 132
12 101 33 102 122 151 141 138 183 97 115 132
125 105 85 105 125 151 138 138 203 99 117 140
124 103 89 105 121 158 141 140 182 104 138 141
126 103 83 106 130 165 134 143 191 127 122 147
133 109 88 110 125 163 132 140 198 118 119 145
135 114 39 113 19 160 144 144 195 118 119 143
132 112 88 111 133 159 141 144 198 122 127 149
135 112 87 111 131 152 143 142 193 122 135 150
131 111 87 110 133 159 160 151 209 123 139 157
127 117 ] 111 144 160 155 153 207 122 142 157

1 Not counted.

TaBLe 5.— Weekly weighis of fish in each leltered tank and mean weight per diet during period of initial growth, first 28 weeks

0.5 diet 1.0 diet 1.5 diet
Week No.
Tank B Tank F TankH Tank TankA TankD TankG Tank TankC Tank E TankI Tank
mean mean mean

G. G, G, G. G. G. G. [} [#} (A G. G.
M (M m (M M M (1) M M
® m [ J—— ¢] ) (1) J . ® O [ ————
5.5 4.6 5.9 5.3 6.5 5.5 5.7 5.9 4.8 7.7 6.1 6.2
5.3 5.3 6.5 5.7 7.0 6.8 8.5 6.7 6.3 (C] &
5.6 5.8 6.5 8.0 8.2 7.1 7.6 7.8 7.8 8.7 7.8 8.1
5.3 6.4 8.2 6.0 7.3 7.1 8.8 77 9.3 8.3 8.4 8.7
6.3 7.6 7.0 7.0 7.8 8.6 10.0 8.8 11.0 10.0 10.3 10. 4
8.7 8.9 7.7 7.8 9.5 10.5 12.5 10.8 13.5 12.3 12,2 12,7
8.3 9.3 8.5 8.7 11.3 11. 4 12.0 11.6 16.2 14.5 14.2 15.0
3.7 11.0 9.8 9.8 13.0 13.5 13.7 13.4 18.6 17.1 16.4 17.4
9.6 10.9 10.4 10.3 13.6 15.0 14.8 14.5 20.0 19.0 18.8 19.3
10.0 12.3 10.4 10.9 15.2 16.2 15.8 15.7 21.7 20.5 19.9 20.7
10.4 11.2 10.9 10.8 16.6 16.8 17.5 17.0 24.2 22.9 21.0 22.7
10.9 10.4 10.9 10.7 17.3 17.6 18.3 17.7 25.8 24.2 22.9 24.3
11.4 10.6 11.8 11.3 18,2 18.6 18.9 18.6 26.3 25.8 24.8 25.6
12.1 11.4 1.5 11.7 19. 4 19.9 19.7 19.7 27.9 27.0 26.6 27.1
12.2 11.8 11.8 11.9 20.4 20.4 21.0 20.6 29.7 29.2 27.5 28.8
12.6 12.2 12.2 12.3 21.6 21.2 22.3 21.7 31.68 30.2 28.3 30.0
13.7 12.8 12.4 13.0 23.0 22,5 23.4 23.0 33.3 31.8 20,2 31.4
12.7 13.1 15.2 13.7 2.8 23.2 4.1 23.4 33.8 32.7 33.3 3.3
15.6 14.5 14,0 14.7 25.6 24.4 26.4 25.5 35.6 33. 32.2 33.8
17.3 14.2 14.4 15.3 26.0 %.5 27.4 26.6 38.2 30.4 33.3 37.0
16.0 14.3 14.9 15.1 26.4 25.8 26.9 26. 4 40.5 37.0 33.3 36.9
14.8 14.4 13.9 14.3 25.8 24.9 26.3 25.7 40.8 37.8 32.5 37.0
14.4 14.2 13.9 14.2 25.5 25.5 26.6 25.9 38,2 35.9 33.0 35.7
14.3 14.6 13.7 14.2 25.4 24.4 26.3 25.4 40.0 35.7 32.9 36.2
15.2 14.5 14.1 14.8 27.2 ) 26.6 ___ - 40.1 35.4 32.5 36.0
14,2 14.5 13.7 14.1 25.7 24.9 26.9 .8 39.5 35.8 34.5 36.6
14.1 14.7 13.9 14.2 25.2 25.7 27.8 26.2 33.8 35.6 37.7 37.4

: Not weighed.

2 No record.
3 Aberrant data discarded.
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CHANGES DURING EXPLOITATION

It was desired to have the populations as stable
as possible before the start of exploitation. Degree
of stability was examined by studying the dis-
tribution of the individual populations with re-
spect to the categories “fry,” “immature,’”’ and
“adult.” For the 3 weeks immediately before the
start of exploitation at each diet level, composi-
tions according to these categories revealed fairly
consistent patterns for the 0.5 and 1.0 levels
(figs. 3 and 4), both between weeks and between

Population B F H

WEEK 28
100 f

50 |

o

WEEK 29

100

50

NUMBER OF FISH

WEEK 30

50+

Fry Im. Ad. Fry Im. Ad. Fry Im. Ad.
SIZE CATEGORY

Ficure 3.—Composition according to categories “‘fry,”
“immature,” and “adult’” (defined in scetion ““Expori-
mental diet and procedures™) of populations at the 0.5
diet level, immediately before exploitation.

populations. (Weeks of removal were staggered
to facilitate the laboratory routine. Thus, exploi-
tation at the 0.5 level began a week after that
at the 1.0 level.) The compositions are charac-
teristic of mature populations at or near the
asymptotic level—mostly adults that arve rather
stable in number and much smaller and somewhat
more fluctuating numbers of juveniles.
Characteristics of the compositions were similar
at the 1.5 level (fig. 5) except for the lack of con-
sistency between populations. (Exploitation was
delayed 4 weeks in the hope that this inconsistency
might disappear.) Here the differences are marked
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Figure 4.—Composition according to categories ‘‘fry,”’
“immature,” and “adult’” (defined in scetion ‘“‘Experi-
mental diet and procedures’) of populations at the 1.0
dict level, immediately before exploitation.

both in total number (as between C and E in week
34) and in percentage composition (as between
C and I in week 32). These differences are sur-
prising among populations held for more than 30
weeks under conditions of food supply, tempera-
ture, light, and space as nearly identical as pos-
sible. No ready explanation could be found among
other conditions of the environment or among
procedures of handling the fish. Probably genetic
differences were not averaged out among the
rather small numbers of adults (15) in the initial
populations, in spite of the method of selection
(section, ‘“Initial growth of populations’). The
differences may also have resulted from variations
in gravidity among the eight adult females in
each initial population. Support for some expla-
nation related to the initial populations is found
in the fact that C exceeded E and I in number
and weight almost from the start of the experi-
ment (weeks 2 to 28, table 3; weeks 5 to 20 and
22 to 28, table 4).

The differences among populations at the 1.5
diet level persisted, even though the start of ex-
ploitation was delayed 4 weeks beyond that for
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FicUure 5—Composition according to categories “fry,”
S“immature,” and “adult” (defined in seetion “lixperi-
mental diet aned procedures’™) of populations at the L5
diet level, immedintely bofore exploitation.

the other six populations. I decided to proceed
with exploitation of the 1.5 level group because
of the substantial amount of time and effort
already invested and the desire to have yields
comparable with those for the other populations.
This decision was supported by the fact that com-
positions were fairly stable within populations
(fig. 5) even though discrepant between them.
Response of the populations to exploitation is
indicated by the mean numbers and weights for
each diet level (tables 6 to 9 and fig. 6). The
saw-tooth pattern of reduction by removals and

. subsequent recovery is characteristic. As pointed
.out by Silliman and Gutsell (1958), this kind of
~ variation reflects the resilience of natural popu-

lations as long as exploitation rates are not high

enough to cause extinction.

As was also mentioned by Silliman and Gutsell,
population weights are more stable than popula-
tion numbers, since the latter are affected more
by entrance and mortality of broods of fry. The

.weights reveal the typical decline in population

size after the inception of exploitation, followed
by near stability during the final weeks of the
experiment. Although populations at all three diet
levels decréased in biomass under exploitation,

.-they maintained the preexploitation rank, which
. was the same as that of the diet levels.

Population Dief
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I
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WEEK NUMBER : : !
F1GURE 6.—Response of populations to exploitation. Data arec means for each diet level.
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TABLE 6.—Weekly numbers and food-level means for each tank during period of exploitation; postremoval numbers for removal
weeks were obtained by subtracting numbers removed (table 7); exploitation rates are indicated in parenthesez. Exploitation
was starled week 29 for 1.0 diet, week 30 for 0.5 diet, and week 34 for 1.5 diet

0.5 diet 1.0 diet 1.5 diet
Week No. Tank B Tank F TankH Tank TankA TankD TankG Tank TankC TankE TankI  Tank
(0.25) (0.33) (0.50) mean (0.25) (0.50) 0.33) mean (0.50) (0.25) (0.33) Inean
No. No. No No No. No. No. No. No. No. No. No.

127 118 91 112 122 158 148 143 204 126 133 154
127 114 93 111 104 90 110 101 217 141 141 166
101 80 52 78 105 104 110 106 27 143 150 170
97 83 67 82 119 93 119 110 200 1268 184 170
100 87 54 20 26 2 91 80 221 142 138 167
90 65 34 63 ] A 93 85 211 158 141 170
98 2 36 69 95 71 123 96 131 100 111 117
82 69 46 66 73 79 95 82 133 69 124 109
70 50 21 49 75 e 106 86 146 74 142 121
73 62 34 56 90 74 133 99 107 94 118 108
93 red 45 70 107 71 134 104 129 109 111 116
82 82 83 76 92 134 172 133 135 122 121 126
85 59 72 72 98 131 131 120 114 112 100 109
92 97 33 82 94 143 106 136 118 106 120
106 97 70 91 15 113 157 128 89 97 7 88
114 90 71 %5 94 101 149 115 68 65 91 75
126 110 66 101 80 104 100 a5 70 83 112 88
107 91 82 101 85 89 73 92 139 101

i10 63 51 75 91 108 a 97 77 45 137
106 122 53 94 69 76 61 69 73 60 160 98
87 100 38 75 67 88 75 77 75 112 174 120
88 131 85 101 71 89 76 il 39 105 154 99
94 135 84 104 101 53 52 69 29 193 107
71 104 63 79 51 67 69 57 130 198 128
70 100 69 3 101 50 81 77 76 145 175 132
70 125 65 87 100 26 87 74 86 172 20 159
63 118 42 74 116 39 101 85 58 159 247 165
7 117 55 81 150 52 102 101 106 58 216 127
80 121 65 89 148 49 95 97 128 81 234 148
74 118 43 78 141 56 107 101 119 78 242 146
75 111 47 78 141 56 98 108 87 192 129
109 105 46 87 139 44 81 107 80 196 128
90 88 25 3] 135 44 122 100 110 95 194 133
104 62 84 150 49 94 98 63 85 152 100
115 107 51 a1 120 33 7 77 66 129 148 114
97 81 33 T 120 36 74 7 68 126 149 114
103 865 33 74 109 31 89 76 39 105 103 82
108 88 69 88 88 20 62 54 110 102 89
97 76 49 74 93 26 60 80 59 112 106 92
21 76 49 82 92 28 65 62 32 82 87 50
118 74 47 80 68 19 50 46 33 81 85 66
118 64 ] 70 68 18 47 44 33 94 93 3
107 78 29 71 79 21 44 43 20 85 68 51
102 74 31 69 77 11 58 49 26 83 66 52
YIELDS the populations to exploitation and from devia-

Removals during the period of exploitation were
comparable to the catches of commercial fisheries
and provided information on stabilized yields.
Data were analyzed both to determine when rela-
tive stability began and to measure the relation
of yield to amount of food consumed.

COMPARATIVE YIELDS

Yields as well as population sizes were more
stable in weights than in numbers; therefore,
yields were studied in terms of weight. The course
of yield for each population during the exploita-
tion period (table 9 and fig. 7) included an initial
period of decline as the populations adjusted
themselves to removals. This decrease was fol-
lowed by a period of relative stability beginning
about week 49.

Even within the relatively stable period, yields
showed considerable irregularity. This phenome-
non resulted from variations in the response of
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tions of the percentages removed from the exact
nominal exploitation rates. The latter deviations
occurred because the removal rates were applied
on the basis of numbers of fish rather than weights.
Some of this random variability is averaged out in
means of yields for three 14- or 15-week subperiods
covering the entire period of exploitation (table 9
and fig. 8). These means again reflect the initial
period of decline, followed by more stable yields.

The final period, including weeks 59 to 72, was
one of fairly stable yield (fig. 7). Mean yields for
this period (fig. 8) ranked the same according to
exploitation rate for the 1.0 and 1.5 diets. Yields
at the 0.5 diet were nearly identical. The period
including weeks 59 to 72 fairly well fulfilled the
planned objective of “a reasonably stable yield”
(section, ‘“Plan of the Experiment’”), and data
from it were used in the study of relation between
food level and exploitation rates. Results from
this period had the additional advantage of being
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Ficure 7.—Yield per three weeks of each population during period of exploitation.
10 free from the irregularities in removals and mor-
0.5 DIET talities that occurred at the 1.5 diet level during
54| weeks 37 to 57 (table 7, footnotes).
I ——— L Y RELATION BETWEEN YIELD AND FOOD LEVEL
0 Data in the preceding section showed that
1.0 DIET yields at the 1.0 and 1.5 diets were related to
o] exploitation rate, but that no such relation was
3 detectable at the 0.5 diet. The available data may
- now be brought together in an attempt to answer
x 5 such questions as that posed in the introduction:
HS “Might it be possible, for instance, to harvest a
™ 0 greater percentage of the stock when food supply
Q 1.5 DIET Exploitation rates and abundance are high than when they are low?”’
201 o252 veeks It is instructive here to relate the yields to the
u P — average total weight or biomass of the popula-
z ' tions (table 10). Because the populations were
2197 N allowed to reach asymptotic size or a close ap-
= AN proach to it, an additional point for each yield-
107 B S~o biomass curve is available—that at zero rate of
x exploitation. If small deviations are charged to
5 STt mee———== random variability, the appropriate curves (fig. 9)
: reveal a regular relation among exploitation rate,
o : . . . . ' biomass, and yield at each diet level (curves fitted
35 40 45 50 55 60 85 70 by inspection).
WEEKSZ9TO el ?2 To The curves suggested that the relation of

58
PERIOD OF WEEKS
Figure 8.—Mean yields for three 14- or 15-week periods.

Location of vertical lines along horizontal scale indicates
center of each period.

FOOD LEVEL AND EXPLOITATION IN

FISH POPULATIONS

yield to exploitation rate tends to be independent
of diet level. Absolute yields were obviously
dependent on amount of food available, but the
greatest yield at each diet level occurred at or
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TaBLE 7.—Numbers removed (yields) for each diet and exploitation rate: exploitation rates are indicated in parentheses

0.5 diet: 1.0 diet 1.5 diet
‘Week No. - -
Tank B Tank F TankH Tank TankA Tank G Tank D Tank TankE Tankl Tank C Tank
10.25) (0.33) (0.50) mean 0.25) (0.33) (0.50) mean (0.25) 10.33) 0.50) mean

I Removals emitted because of accidental mortalities in week 36,

2 Removals by error; added to week 43 removals in subsequent treatment.
3 Includes aceidental mortality.

4 Omitted because ofierroneous removals in week 43.

5 Accidental mortality considered to replace removals due in week 58.

v . ©33%

MEAN YIELD (G.)

0 5 0 15 20 25 30 35 40
BIOMASS (G.)

Ficure 9.—Curves indicating relation of yicld per 3-week
brood interval to biomass and exploitation rate (indi-
cated percentages) at each diet level. Points indicated
for 0 pereent exploitation rate arc average population
levels for the 3 weeks immediately before exploitation.
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near the 0.33 exploitation rate (assuming that
the different exploitation-yield relation at the 0.5
diet was due to random variation rather than a
real difference in the relation). If the apparent
independence of ‘the exploitation-yield relation
from food level reflects what happens in commer -
cially fished populations, the finding is significant
to fishery administration. Such independence
would mean that the same management strategy
might be applied when food organisms are scarce
as when they are abundant.

From the viewpoint of the commercial fisher-
man, an exploited population is a machine for
converting aquatic food to marketable fish flesh.
It is of interest to see how efficiently our model of
the machine operated at each food level. Maxima
of the yield curves (fig. 9) indicate yields per 3

weeks of about 2.4, 3.9, and 5.8 g. at the 0.5, 1.0,
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TaBLE 8.—Wecekly weights and food-level means for each tank during period of erploitation; postremoval weights for removal
wecks were oblained by subtracting weights removed: (table 9); erploitation rates are indicaled in parentheses. Ezploitation
was starled week 29 for 1.0 diet, week 30 for 0.5 diet and week 54 for 1.5 diet

0.5 diet 1.0 diet 1.5 diet
Week No. )

Tank B Tank F Tank Tank TankA TankD Tank G Tank TankC Tank E TankI  Tank
0.25) (0.33) (0.50) mean (0.25) (13.50) (0.33) mean (0.50) (0.25) (0.33) mean
[ G, G. G, G, G, 7. G. G, Q. G. G.
14.2 15.3 17.5 15,7 26.1 26. 8 ®.4 7.1 45.2 37.5 35.9 30.5
14.6 15. 5 14.7 14.9 19.9 14.9 20.2 18.3 2.2 38.1 37.4 30.2
1.5 10.1 8.2 9.9 21.0 16.9 21.5 19.8 m 41.0 37.6 . _.___..
11.9 11.3 8.9 .7 22.0 17.4 22.6 20.7 42.2 39.5 39.0 40.2
12.1 12.0 9.4 11,2 15.6 10,1 16. 6 14.1 43.7 40.8 38. 6 41.0

9. 6 3.3 5.9 7.9 17.2 11.7 18.0 15.6 45.7 42.7 39.1 42.5
10.3 9.0 6.3 8.7 17.6 13.2 19.2 16.7 23.6 30.8 27.7 27.4
10,9 9.4 7.3 9.2 14,0 9.0 14.8 12.6 25.8 10.8 28.4 4.7
8.7 81 4.9 7.2 15.3 10.1 16.0 13.8 30.0 20.5 30.6 27.0
9.4 7.9 5.1 7.5 15.8 11.3 17.0 14.7 14.3 215 21.9 19.2
0.7 8.5 6.1 8.1 12.8 9.2 13.2 11.7 16.3 2.4 23.4 210
7.8 7.0 4.5 i 4 14.2 11.0 14.7 13.3 17.2 25.4 25.4 2.7
8.7 7.8 5.8 7.3 16.0 12.6 16.7 15.1 12.6 20.0 19.0 19.2
10,2 3.6 6.8 8.5 13.8 10.5 14.5 12.9 15.7 28.3 21.3 21.8
S.6 7.1 7.2 7.6 15.3 12.5 15.2 14.3 9.5 30.4 2.4 20.8
8.6 8.2 6.5 7.8 16,5 13.8 16.8 15.7 7.5 17.1 18.7 14. 4
10.1 9.3 7.2 8.9 12,9 T 86 12.2 1L.2 9.6 18.5 20.2 18.1
9.1 8.2 6.1 7.8 13.6 9.6 13.7 12.3 12.2 19.8 21.3 17.8
9.8 9.3 .6 8.4 15.0 11.6 14.3 13.6 14.2 14.1 15.0 4.4
1.1 9.1 7.1 3.8 11.6 8.3 9.3 9.9 14.6 14.6 16.1 15.1
7.0 7.3 4.2 6.4 12.5 9.0 11.2 10.9 16.2 15.7 18.2 16.7
8.5 8.1 5.3 7.3 14.0 10.7 13.0 12,6 12.2 16.9 16.6 15.2
9.3 0.3 5.6 8.1 13.3 6.8 10.3 10.1 11.3 19.0 19.5 16.6
8.4 6.9 3.7 6.3 14.0 8.0 1.5 11.2 12.5 21.3 2.5 18.4
9.0 7.9 4.6 7.2 15.8 9.2 12,8 12.6 8.5 17.7 17.1 14.4
9.7 8.8 5.7 3.1 12.2 4.8 11.1 9.4 10.2 19.6 19.6 16.5
7.9 6.9 4.3 8.4 13.2 5.9 12.9 10.7 12.3 2.3 21.6 18.7
8.5 7.5 4.4 6.8 15.2 6.6 13.6 11.8 7.5 13.5 17.3 12.8
9.4 8.4 5.9 7.9 12.2 5.0 11.3 9.5 9.6 16.0 20.6 15.4
8.6 6.9 3.6 fi.4 13.1 6.4 12.0 10.5 1.3 16.1 2.0 16.5
10.3 7.9 4.7 7.0 14.9 7 14.3 12,3 S.4 18.0 16.6 14.3
10.8 S.1 5.6 8.2 13.1 6.5 10.6 10.1 10.9 20.0 18.9 18.6
9.2 6.5 3.6 6.4 14.7 7.8 11.7 11.3 12.8 2.6 20.7 18.3
9.5 7.2 4.4 7.0 15.8 8.5 12.1 12.1 8.2 17.5 16.3 14.0
10,3 7.9 4.3 w5 2.1 5.5 9.6 9.1 10.6 18,3 16.6 15.2
3.8 6.4 2.9 8.0 13.5 8.7 10.7 10.3 12.3 19.5 20.1 17.3
0.6 7.5 3.8 7.0 14.5 8.2 11.2 11.3 8.6 15.6 14.7 13.0
10.3 8.0 4.5 7.8 11.6 5.7 8.6 8.6 8.4 17.3 16.5 4.1
8.2 6.0 2.6 8.6 13.0 6.4 10.0 9.8 9.5 18,2 18.0 15.2
8.8 6.2 3.2 6.1 13.7 6.0 10.9 10.2 5.6 14.3 13.5 1.3
8.8 7.0 3.8 6.5 11.6 4.3 8.2 8.0 6.6 16.0 14.6 12.4
7.8 &5 2.5 8.3 12,5 4.9 8.8 8.7 8.0 18.3 15.7 14.¢
8.2 f.6 4.0 f.3 13.1 5.3 0.4 9.6 59 4.8 12.8 1.9
8.7 6.9 4.6 7.1 11.6 3.1 9.2 8.0 6.4 15.7 13.6 11.¢

1 Aherrant datum discurded.

and 1.5 diet levels, respectively. Amounts of food
consumed at these levels were $.55, 17.10, and
25.65 ¢. per 3 weels (sum of weekly totals for
Daphnia and dry ood plus 6 [0.000125 X diet
ratio] for Artemin, all multiplied by 3, table 1);
thus, conversior efficiencies were 0.28, 0.23, and
0.23. Again, the small difference at the 0.5 diet
level probably is not significant. For practical
purposes the conversions at all three diet levels
are identical and are close to the 0.20 reported by
Silliman and Gutsell (195S). C

I conclude that efficiency of food conversion, as
well as relation between exploitation rate and
vield, is independent of amount of food available
for the laboratory populations within the range of
observation. Management strategies for commer-
cially fished populaiions that behave in this man-
ner can be applied with the expectation of the
same conversion efficiency regardless of the abun-
dance of available food organisms. "

This finding seems to be contrary to that re-

FOOD LEVEL AND EXPLOITATION IN FISH POPULATIONS

ported under “Initial Growth of Populations.” It
is noteworthy, however, that the lesser efficiency
at the two higher diet levels,. mentioned there,
vecurred when the populations were stabilized at
near asymptotic levels. Composition of such
stabilized populations is different from that of
exploited populations, and the growth reactions
could well be different also.

The relation of food conversion efficiency to
average size of individual fish ¢can be examined by
comparing the average weights with the food con-
versions for each of the nine populations during
the expluitation period (weeks 59-72, data from
tables 10 and 6, plus food amounts quoted above).
L. M. Dickie (personal communication) has
pointed out to me that if conversion efliciency be
plotted as a regression-—on average body weight,
there is a significant negative correlation (line is
E=0.317—0.667W, where E is conversion' effi-
ciency as above, W iy average body weight, and
r=—0.90 and P<0.01). This determination sup-
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TasLe 9.— Weights removed (yields) for cach diet and exploitalion rale; exploitation rates are indicaled in parentheses

0.5 diet

1.0 diet 1.5 diet

Week No.
Tank B Tank F Tank H

(0.25) (0.33) (0.50) mean

Tank Tank A Tank G TankD Tank
(0.25) (0.33) (0.50) mexn (0.25) (0.33) (0.50) mean

TankE TankI Tank C Tank

-5 Foothotes on Table 7.

TABLE 10.—Average biomass and, yield per lank per 3 weeks
for preexploilation asympiotic levels, and for levels during
weeks 59 lo 72. Exploilalion rales are fraclions removed
per 3-week brood inlerval - -

1.5 diet
Biomass Yield

Exploitation 0.5 diet 1.0 diet

rate

Biomass ’Yield Biomass Yield

G. G G. a. q. G.
114.9 0.0 126.4 0.0 141.2 0.0
9.3 323 213:3  33.7 217.5 35.4
27.0 322 210.5 33.9 t16.3 35.9
3.0 322 6.2 33.0 8.7 34.8

! Taken as average of the weights for the three populations during the 3
weeks immediately preceding exploitation. Weeks were as follows: 0.5 diet.
28-30; 1.0 diet, 27-29; 1.5 diet, 32-34. Data from tables 5 and &.

? Datafrom table 8. :

3 Data from table 9.

purts the contention (Paloheimo and Dickie, 1965)
that . . . “within a life-history stanza a given
food abundance leads to a higher production of
replaceable fish flesh if the producing population
consists of the smaller more efficient.fish than if it
consists of the larger fish.” He further pointed out
that this regression line might be the population
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counterpart of the “K-curve” which Paloheimo
and Dickie developed for individual fish

where W is body weight, R is rations, and a and
b are empirical constants).

The fact that the “K-curve” is an exponential
relation, whereas the guppy relation is linear, may
stem from the wide range of sizes of individual
fish in the guppy populations (about 10-40 mm.
in length). It may also result-from the chief method
of population control among guppies—cannibalism.
This behavior causes the food of the larger fish to
pass through two or more trophie levels, with a
consequent lowering of conversion efficiency.
Obviously, such an effect would be the more
pronounced the larger the average size of indi-
vidual fish in the population, as long as smaller
fish are present for prey, as was true for all popula-
tions during the exploitation period.

U.8. FISH AND WILDLIFE SERVICE



SUMMARY

1. Nine experimental populations of the guppy,
Lebistes reticulatus, were established in 20-l.
aquariums.

2. Groups of three populations selected by lot
were fed at rates 0.5, 1.0, and 1.5 times the
“standard”’ diet.

3. Amount of food, temperature, space, and light
were held constant during the course of the
experiment.

4, During weeks 21 to 28 of the experiment,
mean weights of populations at the 0.5, 1.0, and
1.5 diet levels were 14.5, 26.0, and 36.6 g., respec-
tively; mean numbers of fish were 110, 145, and
149.

5. The greater mass of the populations at the
higher diet levels than at the lowest reflected
faster growth more than hetter survival.

6. Exploitation of the populations in each diet
level group of three was applied at rates of 0.25,
0.33, and 0.50 per 3-week reproductive period.
There were, thus, nine diet-exploitation combina-
tions. Exploitation was started during weeks 29
to 34, when the compuosition of the populations
was reasonably stable, and continued to the end
of the experiment during weeks 70 to 72.

7. Populations responded to exploitation with
an initial drop in numbers and weight, followed by
near stability in weight at new lower levels (num-
bers were less stable, owing to entrance and mor-
tality [through eannibalism or otherwise] of broods
of new-horn fish).

8. Yields in weight during the final 14 wecks of
the experiment were reasonably stable and were
used in the study of the interaction hetween food
level and exploitation.

9. Curves of yield as reluted to biomass and
exploitation rate at each diet level showed that
the relation of yield to exploitation rate was inde-
pendent of diet level.

10. Yields were maximum near the 0.33 ex-
pleitation rate for all diet levels, and absolute
amounts were 2.4, 3.9, and 5.8 g. per 3-week
period for the 0.5, 1.0, and 1.5 diets, respectively.

11. The maximum yields represented conversion
of about 25 percent of the food consumed, for all
three diet levels.

12. Results suggest that, to the extent that
commercially fished populations behave similarly
to the laboratory populations, management strat-

egies may be applied regardless of abundance of
food organisms.
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